In addition to their catalytic functions, GSTs (glutathione S-transferases) bind a wide variety of structurally diverse non-substrate ligands. This ligandin function is known to result in the inhibition of catalytic function. The interaction between hGSTA1-1 (human class Alpha GST with two type 1 subunits) and a non-substrate anionic ligand, BSP (bromosulphophthalein), was studied by isothermal titration calorimetry and inhibition kinetics. The binding isotherm is biphasic, best described by a set of two independent sites: a high-affinity site and a low-affinity site(s). The binding stoichiometries for these sites are 1 and 3 molecules of BSP respectively. BSP binds to the high-affinity site 80 times more tightly (K d = 0.12 µM) than it does to the low-affinity site(s) (K d = 9.1 µM). Binding at these sites is enthalpically and entropically favourable, with no linkage to protonation events. Temperatureand salt-dependent studies indicate the significance of hydrophobic interactions in the binding of BSP, and that the low-affinity site(s) displays low specificity towards the anion. Binding of BSP results in the release of ordered water molecules at these hydrophobic sites, which more than offsets unfavourable entropic changes during binding. BSP inhibition studies show that the binding of BSP to its high-affinity site does not inhibit hGSTA1-1. This site, located near Trp-20, may be related to the buffer-binding site observed in GSTP1-1. The low-affinity-binding site(s) for BSP is most probably located at or near the active site of hGSTA1-1. Binding to this site(s) results in non-competitive inhibition with respect to CDNB (1-chloro-2,4-dinitrobenzene) (K i BSP = 16.8 + − 1.9 µM). Given the properties of the H site and the relatively small size of the electrophilic substrate CDNB, it is plausible that the active site of the enzyme can simultaneously accommodate both BSP and CDNB. This would explain the noncompetitive behaviour of certain inhibitors that bind the active site (e.g. BSP).
INTRODUCTION
Cytosolic GSTs (glutathione S-transferases), a superfamily of multifunctional, dimeric enzymes (see [1] for a review), share a common fold and function as obligate dimers. Although their catalytic mechanisms have been investigated extensively (see [2] for a review), relatively little is known about their ligandin functions. This function refers to the ability of cytosolic GSTs to bind a wide variety of structurally diverse non-substrate compounds including bilirubin, haem, steroids, bile salts, carcinogens, dyes and drugs [3] . Many of these hydrophobic-amphipathic compounds inhibit GST catalysis via complex modes of inhibition involving both competitive and non-competitive mechanisms (see [4] and references therein).
Although a large amount of data is available regarding the nature of ligands involved, their affinities for the various GSTs, and the impact that ligand binding has on catalytic function, the locations and properties of binding sites for non-substrate ligands are largely unknown. Furthermore, since indirect methods have been used in most ligand-binding studies, there is uncertainty regarding the number of sites involved for most of these ligands as well as their binding stoichiometries. When the first crystal structure was solved, it was proposed that the open, solvent-exposed cleft between the subunits could serve as a binding site for nonsubstrate ligands [5, 6] . This region was subsequently shown to bind praziquantel and a conjugate of GSH in the crystal structures of a Schistosomal GST [7] and a class Sigma GST [8] respectively. The intersubunit region was also proposed to be an extended ligandin-binding site in hGSTA1-1 (human class Alpha GST with two type 1 subunits) [9] . Crystallographic studies have also indicated that the H site of class Pi GST can bind various hydrophobic non-substrate ligands, including the amphipathic anion BSP (bromosulphophthalein) [10] ( Figure 1A) . The H site, together with the adjacent G site, forms the GST active site near the subunit interface [11] . Molecular recognition at the H site is predominantly hydrophobic in nature, consistent with the hydrophobic character of many non-substrate ligands. Another binding site, unrelated to the active site, has been identified for hydrophilic anionic ligands (e.g. sulphonate buffers) in crystal structures of class Pi GSTP1-1 [10, 12, 13] (Figure 1A) .
In spite of the fact that GSTA1-1 is a major ligand-binding protein in the liver, known historically as ligandin [3] , very little is known about the location and properties of its non-substrate-binding sites. The structure of hGSTA1-1 with S-benzylglutathione bound at its active sites is shown in Figure 1 (B). Fluorescence resonance energy transfer studies have suggested a region at or near the subunit interface of hGSTA1-1 in the binding of the non-substrate ligands ANS (8-anilinonaphthalene-1-sulphonic acid) [14] and aflatoxin B1 [15] . Affinity-labelling studies have also identified the subunit interface in the binding of steroid sulphates [16] . A recent kinetic inhibition study, however, indicates that lithocholate and oestradiol disulphate act as competitive rather than non-competitive inhibitors, suggesting that these nonsubstrate anionic ligands bind at or near the H site of hGSTA1-1 [4] . Since the binding of ANS is sensitive to conformational changes in the C-terminal region of hGSTA1-1 [17] , and since this region forms part of the enzyme's active site [18] , ANS most probably binds at or near the active site, which explains its ability to inhibit the enzyme's activity competitively [19] . ANS binding to hGSTA1-1 is enthalpically driven and is characterized by a large negative heat capacity change, indicative of a significant hydrophobic component at the protein-ligand interface [20] .
BSP, an amphipathic anion due to its negatively charged sulphonate and hydrophobic moieties ( Figure 1C ), has been used quite extensively as a model compound for probing the catalytic properties of GSTs [21] . Although not a substrate for hGSTA1-1, BSP binds multiple sites in GSTs [10, [22] [23] [24] . This is unlike ANS, which has one site per subunit [20] . In the present study, we have used ITC (isothermal titration calorimetry) to determine the thermodynamics of BSP binding to hGSTA1-1 together with enzyme inhibition studies to identify BSP-binding sites in hGSTA1-1.
EXPERIMENTAL

Materials
hGSTA1-1 was overexpressed using the pKHA1 plasmid (a gift from Professor B. Mannervik, Uppsala University, Uppsala, Sweden [25] ) transformed into Escherichia coli BL-21 DE3 cells. The protein was purified on a CM-Sepharose cation-exchange column (pre-equilibrated with 20 mM sodium phosphate buffer, pH 7.5) using a 0-0.3 M NaCl gradient. The protein was buffer-exchanged into 20 mM sodium phosphate buffer (pH 6.5), containing 100 mM NaCl, 1 mM EDTA and 0.02 % sodium azide. Purity of the protein was confirmed using SDS/PAGE [26] and size-exclusion HPLC. Dimeric protein concentration was determined spectrophotometrically at 280 nm using a molar absorption coefficient of 38 200 M −1 · cm −1 . All the other reagents were of analytical grade.
ITC
Titration experiments were performed with a VP-ITC calorimeter from Microcal (Northampton, MA, U.S.A.) by injecting 3 µl increments of a BSP stock solution (3 mM) into the sample cell containing 60-72 µM protein (monomer concentration) in 20 mM sodium phosphate, 150 mM NaCl, 1 mM EDTA and 0.02 % sodium azide (pH 6.5). The total observed heats of binding were corrected for the heats of dilution before data analysis. Raw data were integrated and analysed with the ORIGIN 5 software (Microcal). Non-linear least-squares fitting of the data generated values for the independent variables H, K a and N (stoichiometry). Values for the change in Gibbs free energy ( G) and the change in entropy ( S) were calculated using the following equations: G = −RT ln K a and G = H − T S, where T is the absolute temperature in Kelvin.
To investigate whether the binding of BSP to hGSTA1-1 is coupled with any protonation effects, ITC experiments were performed at 25
• C in different buffers with different ionization enthalpies [27, 28] . The buffers used were cacodylate ( H ion = −1.96 kJ/mol), Pipes ( H ion = 11.45 kJ/mol), Mes ( H ion = 15.53 kJ/mol), Hepes ( H ion = 21.01 kJ/mol) and imidazole ( H ion = 36.59 kJ/mol).
Enzyme inhibition studies
The activity of hGSTA1-1 in 0.1 M sodium phosphate, 1 mM EDTA and 0.02 % sodium azide (pH 6.5), at 20
• C was determined spectrophotometrically at 340 nm using GSH and CDNB (1-chloro-2,4-dinitrobenzene) as substrates [29] . All reaction rates were corrected for the corresponding non-enzymic reaction rates. The IC 50 value for BSP was determined at 1 mM GSH and 1 mM CDNB by varying the concentration of BSP (0-60 µM) and analysing the data by non-linear regression using SigmaPlot. For inhibition studies, the concentration of glutathione was fixed at 5 mM, whereas that of CDNB was varied in the range 0-2 mM. Assays were performed in the absence and presence of BSP at 0.5, 5, 25 and 100 µM. Results from these assays were analysed by global non-linear regression (Microcal Origin 5) using the rate equation
which is a general expression not dedicated to any specific reversible inhibition mechanism (see [4] ). However, the parameter α provides a quantitative measure of the inhibition mechanism (α = 1 for pure non-competitive inhibition, α = ∞ for pure competitive inhibition, and values of α between 0 and 1 or between 1 and ∞ indicate mixed inhibition). The regression routine was allowed to vary the parameter α to arrive at the best fit that yielded convergence values for α, K i BSP , K m CDNB and V max .
RESULTS AND DISCUSSION
Binding stoichiometry and affinity
Figure 2(A) shows a representative ITC titration of hGSTA1-1 with BSP at 20
• C in sodium phosphate/150 mM NaCl (pH 6.5). The interaction between hGSTA1-1 and BSP is exothermic, and a model of two independent sets of binding sites fits best the biphasic-binding isotherm ( Figure 2B ). This indicates that each subunit of hGSTA1-1 possesses two types of non-co-operative binding sites for BSP: a high-affinity site and a low-affinity site. The ITC-derived stoichiometry for the two sites indicates that 1 and 3 molecules of BSP bind the high-and low-affinity sites respectively. Earlier binding studies with rat class Alpha GSTs have shown the A1 subunit to possess a high-affinity site for BSP, but that weaker sites are also present [23, 24] . The A2 subunit, on the other hand, does not possess the high-affinity site for the organic anion, explaining the observed high-affinity stoichiometry of 1 BSP/dimer of GSTA1-2.
Since it was not possible to resolve the binding energetics for the individual BSP molecules bound at the low-affinity site from the calorimetric trace, the existence of three separate lowaffinity sites cannot be excluded if one assumes a stoichiometry of 1 BSP molecule/site. This assumption may, however, not be correct given that the active site of hGSTP1-1 (human class Pi GST with two type 1 subunits) can accommodate two molecules of BSP [10] . Unlike BSP, the organic anion ANS has been shown by ITC to bind hGSTA1-1 with a stoichiometry of 1 molecule/subunit [20] . The affinity for BSP at the high-affinity site of hGSTA1-1 is approx. 80-fold higher than that at the low-affinity site(s) ( Table 1 ). The K d value for the high-affinity site compares well with those determined for rGSTA1-1 by fluorescence methods [30, 31] and for rGSTA1-2 determined by dialysis [23] . The K d value for the low-affinity site(s) in hGSTA1-1 is similar to that obtained previously from fluorescence measurements (14 µM; [15] ). hGSTA1-1 binds BSP more tightly than it does ANS (K d = 65 µM; [20] ).
Binding energetics
The experimentally determined enthalpy, H obs , consists of two parts:
where H b is the enthalpy of binding, n H is the number of protons involved in the binding process and H ion is the enthalpy of ionization. Complex formation between ligands and proteins can result in enthalpies of linked protonation effects (i.e. n H H ion ) due to pK a changes of groups at the binding interface [32] . The use of buffers with different enthalpies of ionization indicated the absence of linked protonation effects during the BSP-hGSTA1-1-binding process; n H is − 0.004 and − 0.03 for the high-and low-affinity sites respectively (Figure 3 ). Therefore the measured enthalpies were considered to be entirely enthalpies of binding (i.e. H obs = H b ). GSTs can bind sulphonate buffers, as shown in crystal structures of hGSTP1-1 [10, 12, 13] . Furthermore, the sulphonate buffer Hepes, at high concentrations, was shown to compete with BSP for binding to hGSTA1-1 [15] . The use of sulphonate buffers at low concentrations (20 mM) in the present study, however, did not significantly affect the binding parameters of BSP (results not shown). The more favourable binding enthalpy for BSP at the highaffinity site (Table 1) suggests that more interactions are formed between the ligand and protein when compared with that at the low-affinity site. The changes in entropy are also favourable at both sites (Table 1) . Although there are no structural details about the BSP-binding sites in hGSTA1-1, the crystal structure of hGSTP1-1 complexed with BSP indicates the ligand to bind in two different positions at the solvent-exposed active site [10] . The temperature factors for BSP are high, and no electron density was visible for the hydroxybenzylsulphonate moieties indicating high mobility and lack of constraint at the binding site. The dependence of binding enthalpy on temperature is linear for both types of BSP-binding sites (Figure 4) , the slopes of which represent the heat capacity change on complex formation ( C p ). For the high-affinity site, the heat capacity change is negative ( C p = − 0.34 kJ · mol −1 · K −1 ), whereas that for the low-affinity site(s) is positive ( C p = +0.45 kJ · mol −1 · K −1 ). The Gibbs free energy change remains constant with temperature due to enthalpyentropy compensations at both sites [33] . Formation of a bimolecular interface between protein and ligand results in the burial of their surfaces at the interacting interface. Changes in the heat capacity originate primarily from changes in solvation and are related to changes in solvent-accessible surface areas (see e.g. [34] and references therein). The negative C p value for BSP binding at the high-affinity site indicates the burial of solventexposed non-polar surfaces and, thus, a hydrophobic component in the hGSTA1-1-BSP interaction. G is not affected because of the compensation by entropy. The positive C p value for BSP binding at the low-affinity site(s) suggests the burial of solventexposed polar surfaces. However, the positive C p value is small and does not exclude the burial of non-polar surface when BSP binds the low-affinity site(s). The small positive C p value most probably reflects low binding specificity [35] . In the presence of salt, the affinity for BSP was enhanced approx. 3-4-fold at the high-affinity site and approx. 2-fold at the low-affinity site(s), as would be expected for hydrophobic interactions. Hydrophobic interactions also play key roles in the binding of BSP to hGSTP1-1 [10] and ANS to hGSTA1-1 [20] . The two negatively charged sulphonate groups of BSP are not the major determinants for binding.
Although the entropic term T S changes in opposite directions with temperature for the two BSP-binding sites in hGSTA1-1, Figure 4 shows that the entropy changes are favourable at both sites. The contributors to the entropy of binding are changes in conformational degrees of freedom ( S conf ), changes in solvation ( S solv ), and changes in translational, rotational and vibrational degrees of freedom ( S mix ) [36] :
Binding is expected to restrict the degrees of freedom of mobile and flexible groups at the interactive surfaces of BSP and hGSTA1-1, but the favourable entropic changes after BSP binding indicate that the desolvation at both sites more than offsets unfavourable changes in entropy. Since solvent contributions to entropy are primarily a function of changes in solvent-exposed non-polar surfaces [37, 38] , the favourable entropy most probably results from the burial of hydrophobic groups together with a release of constrained water molecules at the interface of the interacting molecules.
Binding sites/inhibition of hGSTA1-1 by BSP
In the absence of crystal structures of hGSTA1-1 complexed with non-substrate ligands, the location of binding sites for these ligands is unclear. Nevertheless, BSP inhibition kinetics, together with inhibition, binding and structural data from other studies, provide information for locating putative binding sites for BSP. BSP is a potent inhibitor of GSTs. Figure 5 shows that the organic anion inhibits the activity of hGSTA1-1 at high BSP concentrations (IC 50 = 7 µM), but not at low BSP concentrations (see inset to Figure 5 ). The IC 50 value is in agreement with the published value of 11 µM [39] . Therefore the binding of BSP at its high-affinity site (K d = 0.12 µM) does not affect the enzyme's activity. A previous inhibition study with hGSTA1-1 indicated that BSP is a non-competitive inhibitor with respect to the H site substrate CDNB [15] . This was confirmed in the present study. The global non-linear regression analysis of the inhibition Fitting of the inhibition data to the equations for pure competitive (α = ∞) and pure non-competitive (α = 1) inhibition did not yield the best fits (results not shown). In a recent inhibition study with hGSTA1-1, the global non-linear regression analysis of the data also indicated haematin to exhibit non-competitive inhibition with respect to CDNB (α = 3.4), whereas both lithocholic acid and oestradiol 3,17-disulphate were competitive inhibitors (α = ∞) [4] .
Each subunit of hGSTA1-1 has a single ANS-binding site to which the C-terminal region of the protein contributes structurally [17, 20] . Given that the C-terminal region also forms an integral part of the H site [18] and that ANS competitively inhibits class Alpha GSTA1-2 with respect to CDNB [19] , ANS most probably binds at or near the H site of hGSTA1-1. Furthermore, AFB 1 (aflatoxin B 1 ), a potent hepatocarcinogen, competes with ANS for the same binding site in hGSTA1-1 [15] . The exo-8,9-epoxide of AFB 1 binds the H site of class Alpha GSTs, where it is conjugated with GSH [40] [41] [42] . The binding of BSP to hGSTA1-1 is, however, non-competitive with respect to ANS [15] . Although not a substrate for hGSTA1-1, BSP binds the H site of GSTs [10, 22] . The crystal structure of hGSTP1-1 complexed with BSP indicates that each active site of the enzyme can accommodate two molecules of the anionic ligand [10] , consistent with a binding stoichiometry of three BSP molecules per site for hGSTA1-1 (the present study). However, BSP inhibits GSTP1-1 noncompetitively with respect to CDNB [43] .
The active site of GSTs consists of two adjacent regions: a highly specific and predominantly polar G site for the binding of GSH, and a large non-specific H site that is capable of binding a variety of small and large hydrophobic substrates (see [11] ). Therefore in view of the properties of the H site and the relatively small size of the electrophilic substrate CDNB, it is plausible that the active site of GSTs can simultaneously accommodate both inhibitor and CDNB. This would explain the non-competitive behaviour of certain inhibitors that bind the active site (e.g. BSP). Further studies will, however, be required to establish the structural basis by which these non-competitive inhibitors function. It should also be noted that each active site of a GST from Arabidopsis thaliana has been shown to accommodate two molecules of a GSH conjugate [44] .
Since the binding of BSP to its high-affinity site does not inhibit hGSTA1-1, this site is not related to the active site (see above). The high-affinity binding site for BSP appears to be situated near the lone Trp-20 in helix 1 of hGSTA1-1. BSP is highly efficient in quenching the fluorescence of Trp-20. BSP binding diminishes the accessibility of Trp-20 to the solvent, and replacing Trp-20 with phenylalanine reduces the affinity for BSP [15] . 2-Hydroxy-5-nitrobenzyl alcohol has also been shown to bind at or near Trp-20 in rat GSTA1-1 and A2-2, and this site is separate from the ANS-binding site [47] . However, unlike BSP, 2-hydroxy-5-nitrobenzyl alcohol did not inhibit their enzymic activity. Furthermore, affinity-labelling studies also indicated the presence of Trp-20 in the BSP-binding-site peptide of the A1 subunit [45] . The sulphonate buffer Hepes, at high concentrations, has been found to compete with BSP for binding to hGSTA1-1 and does not inhibit enzyme activity [15] . In this regard, crystal structures of hGSTP1-1 indicate the presence of a potential non-substrate binding site between helix 1, strand 2 and helix 8 in each subunit, to which sulphonate buffer anions bind (see Figure 1) [10, 12, 13] . The sequence of the Trp-20-containing BSPbinding-site peptide of the A1 subunit corresponds to this region [45] . Mes buffer has an impact on the binding of anionic ligands to hGSTP1-1, but does not inhibit the enzyme's activity [13] . It is noteworthy that the buffer-binding site in hGSTP1-1 is involved in crystal contacts [10, 12, 13] , and, therefore, this might explain why the larger BSP molecule does not bind there in the crystallized protein. In view of the high mobility of BSP bound at the active site of hGSTP1-1 [10] , it is possible that the active site represents the low-affinity rather than the high-affinity site for BSP. Inhibition studies with GSTP1-1 indicate that the H site is not the primary site for BSP, but that inhibition occurs only when the anion binds its secondary site located at or near the active site [31] . 
